Abstract-This contribution describes a design concept of a reflectarray antenna to produce four adjacent beams per feed through the simultaneous use of polarization and frequency discrimination. The feed position is computed to produce two adjacent beams in different frequencies accounting for the beam squint effect, which ensures a minimum phase variation between the phase distributions at the two frequencies. The other two beams in orthogonal polarization are generated by implementing in the reflectarray a different phase shift for each polarization. This contribution presents the design, manufacturing, and measurement of a 43 cm demonstrator that operates at transmit frequencies in the Ka-band. The proposed concept can be suitable for multiple spot-beam satellites in the Ka-band, enabling a reduction in the number of antennas and feeds needed to provide the multispot coverage.
I. INTRODUCTION
The existing high throughput satellites (HTS) in the Ka-band produce between 50 and 100 overlapping spot beams with a fourcolor frequency and polarization reuse scheme [1] . The conventional reflectors employed on board the satellite cannot provide closely spaced beams (around 0.56°separation), and typically, four reflectors operating in transmission (Tx) and reception (Rx) are required to generate a four-color coverage (using two frequencies and two polarizations) with overlapping spots, one reflector per color.
Different attempts have been made to generate a multiple spotbeam coverage with a single aperture [2] , using direct radiating arrays (penalized by high complexity and cost) [3] , [4] , or a single oversized shaped reflector of 4.5 m diameter [5] . Recent works have proposed the use of reflectarray antennas [6] to reduce the number of apertures by generating two different colors per feed, either in two polarizations [7] or in two frequencies [8] . Reflectarray antennas operating at multiple frequencies have been widely studied when the frequency bands are relatively close [9] - [11] , but some of the previous works do not allow implementing an independent phase control in each polarization, as in [10] , where the symmetry of the printed elements prevents achieving this feature. Recently, beam squint effect in offset reflectarray antennas [12] was exploited to generate two adjacent beams per feed at two relatively close frequencies (19.5 and 20.0 GHz) [8] , although with heavy restrictions in the operational bandwidth of the system. In this communication, the authors propose a reflectarray antenna which is able to generate four adjacent beams per feed in two closely spaced frequency bands and two polarizations (four colors) for a multispot coverage for the Tx in the Ka-band, considering the current tendency toward changing the gateway link to Q/V band [13] , what enables the use of frequencies between 17 and 20 GHz for the users' link. A 43 cm reflectarray demonstrator has been designed, manufactured, and tested. After computing the feed position to determine the direction of each beam based on the beam squint effect, four different phase distributions (one for each color) are obtained, in order to provide four adjacent beams per feed. Then, the reflectarray elements are designed to ensure the required phase in the prescribed frequency bands at both polarizations, as in [14] . The results demonstrate for the first time that four adjacent beams, in a different frequency and polarization, can be achieved with a single feed.
II. DESIGN TECHNIQUE TO PRODUCE FOUR ADJACENT BEAMS PER FEED
A reflectarray antenna designed to radiate a pencil beam in the direction (θ b1 , ϕ b1 ) at frequency f 1 produces a certain plane wavefront. The phase introduced by each reflectarray cell to generate a plane wavefront associated with (θ b , ϕ b ) can be obtained as [6] φ(
where d i is the distance from the phase center of the feed to the cell "i" placed at coordinates (x i , y i ) with respect to the geometrical center of the reflectarray. The beam direction is intended to be modified when the reflectarray is illuminated by the same feed at a different frequency, f 2 , relatively close to f 1 ( f 2 = f 1 + f ). The original spatial phase delays will change due to the variation in frequency, producing a new plane wavefront associated with the direction (θ b2 , ϕ b2 ) (Fig. 1) . If the 0018-926X © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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formulation is particularized to the xz plane (ϕ b1 = ϕ b2 = 0), the equality of the phase delays produced by the path length associated with the elements placed in the extremes of the reflectarray is presented in (2) and (3) at frequencies f 1 and f 2 , respectively. (2) ), where D is the diameter of the reflectarray. The relation between the directions θ b1 and θ b2 and the distances d 1 and d 2 can be obtained by subtracting the phase delays associated with each frequency, shown in (2) and (3). This relation is presented in (4) and can be used to compute the feed position from the values of d 1 and d 2 , so that the reflectarray is able to generate two beams in the directions θ b1 and θ b2 at two frequencies f 1 and f 2 with a unique feed and phase distribution in the reflectarray antenna
The use of a single-phase distribution (as in [8] ) forces to consider close operating frequencies in order to avoid beams significantly distorted, but this strategy has the drawback of producing a continuous variation of the beam direction with frequency. In this communication, the authors propose to use more separated operating frequencies to obtain a larger bandwidth, since the next generation of the HTS systems is expected to use the frequencies between 17 and 20 GHz for the users' link in the Ka-band [13] . The use of relatively distant frequencies restrains the possibility of implementing the same phase distribution in the reflectarray for both frequencies, due to beam distortion. Then, the reflectarray elements will be optimized to provide a slightly different phase distribution at each frequency as in [14] . This optimization will also minimize the beam deviation within each frequency band. To ensure a minimum phase variation between the phase distributions at f 1 and f 2 , the feed position must be computed by (4); otherwise, the maximum difference between the phases at each frequency for a similar reflectarray with the feed placed in the specular direction of the radiated beam will be around five times larger than that in the previous case.
The discrimination of the orthogonal polarizations will be performed through the use of appropriate reflectarray cells based on orthogonal sets of stacked parallel dipoles (Section III). These cells allow independent control of the phase in each linear polarization (LP), enabling the implementation of two different phase distributions on the reflectarray. Although the beams are generated in orthogonal LP, the variable rotation technique of the elements can be used to generate the adjacent beams in dual-circular polarization [7] .
Dual-polarized feed-horns are assumed to illuminate the antenna, so that each feed will produce two adjacent beams in orthogonal polarizations at each design frequency. A simple way of obtaining the phase distribution for the second orthogonal polarization to generate the beams in a 60°lattice with respect to the xz plane is by adding a progressive phase term to the original phase distribution. The required phase increment φ at each reflectarray cell can be obtained using (5) , where (u b1 , v b1 ) and (u b2 , v b2 ) are the directions of maximum radiation in each polarization in the normalized angular As a consequence of the design process, four different phase distributions will be implemented on the reflectarray, one for each frequency and polarization combination (the same color).
III. DESIGN OF A FOUR-BEAM ANTENNA DEMONSTRATOR
A 43 cm reflectarray antenna has been designed, manufactured, and measured with the objective of demonstrating the possibility of generating four beams, in four different colors, with a single reflectarray using one dual-polarized feed-horn. The central operating frequencies are 18 and 20 GHz, which have been chosen to allow a relatively large separation between the two frequency bands.
A. Definition and Characterization of the Reflectarray Cell
The reflectarray cell used for the design of the demonstrator consists of two dielectric layers and two levels of metallization. The cell comprises two sets of coupled parallel dipoles for controlling each LP. Each set is composed of three coplanar parallel dipoles printed on a dielectric layer and a fourth parallel dipole stacked with the central one and printed on the opposite side of the same dielectric sheet (Fig. 2) . The lateral dipoles of each arrangement are symmetrical with respect to the central one, in order to keep low levels of cross polarization. A similar reflectarray cell has been previously used in [15] for the design of a Ku-band Tx/Rx reflectarray demonstrator. In this case, the geometrical parameters of the cell have been adjusted to allow simultaneous operation at 18 and 20 GHz, considering 600 MHz bandwidth around each frequency.
A different period is set for the cell dimensions along x-axis (P X = 7.5 mm) and y-axis (P Y = 8.5 mm), both the values close to λ/2. These values have been adjusted to minimize cross-polarization components and avoid the appearance of grating lobes at the higher operation frequency (20.3 GHz) for incidence angles up to 47.8°. Concerning the dipole dimensions, their width is w = 0.4 mm, the separations between laterally coupled dipoles in each layer are S A = 2.3 mm and S B = 2 mm (from center to center), and the relative lengths of the dipoles referred to l B2 , which corresponds to the length of the central dipole for X-polarization (X-Pol.) on the top layer, are:
, and l B3 = 1.09 · l B2 . These parameters were fixed after a careful parametric study of the cell, seeking for a linear behavior of the phase response and a sufficiently large margin of phases at both design frequencies In order to characterize the proposed reflectarray cell, the reflection coefficients related to each LP have been computed at different frequencies in both upper and lower bands. The element phase response has also been studied under different angles of incidence, considering the extreme angles of incidence for the antenna configuration described in Section III-B (0 < θ < 35°, −45°< ϕ < 45°). The results show a stable behavior in both frequency bands, with a maximum phase variation of 30°in the worst case. Fig. 3 shows the results for the phase of the reflection coefficient for X-Pol. at 18 and 20 GHz versus the lengths of the dipoles, considering normal incidence and oblique incidence associated with one of the reflectarray edges. The graphics indicate the value of l B2 , since the rest of dipole lengths are referred to l B2 . As can be seen, the phase shows a smooth variation in a range close to 800°at both frequencies. The module of the reflection coefficient (not shown) presents a maximum level of losses of 0.6 dB. The reflection coefficients present a similar performance for both polarizations at both frequency bands.
B. Design Process of the 43 cm Demonstrator
The demonstrator consists of a circular reflectarray with 2242 elements arranged in a 57 × 50 grid (42.75 cm × 42.5 cm). According to (4) , when the increment of frequency ( f ) is relatively small and the beam angular separation is relatively large (2.55°for D = 43 cm), the resulting difference in the distances from the feed to the extremes of the reflectarray (d 1 and d 2 ) can be large, requiring a position of the feed far away from the z-axis that would produce larger angles of incidence on the reflectarray elements. To avoid this fact, the feed has been located in the xz plane on the same side where the beams are radiated (x > 0), so that d 2 < d 1 and θ b2 < θ b1 , like a retro-directive antenna. (Despite this fact, it has been checked that the feed does not produce blockage.) In this case, the angles of incidence are smaller (0 < θ i < 35°, −45°< ϕ i < 45°), providing a better performance of the reflectarray cells and simplifying the design of the demonstrator.
The antenna is illuminated by a 60 mm feed-horn, whose phase center is placed at coordinates (x F , y F , z F ) = (281.6, 0, 631.1) mm with respect to the reflectarray center (Fig. 4) . The separation between adjacent beams has been set to 2.55°, a value close to the 3 dB beamwidth. The field radiated by the horn has been modeled using a cos q (θ) distribution with q = 31 at 18 GHz and q = 45 at 20 GHz, according to the information provided by the manufacturer (Anteral [16] ). The illumination levels on the reflectarray edges are −12 dB at 18 GHz and −18 dB at 20 GHz.
The antenna has been designed to produce four focused beams in the directions given in Table I . The required phase distributions to be implemented on the reflectarray for X-and Y-Pols. at 18 and 20 GHz have been calculated according to the procedure described in Section II. The dipole lengths are optimized, element by element, to match simultaneously the phase distributions for each polarization at the central and extreme frequencies in both the lower (17.7-18.3 GHz) and upper (19.7-20.3 GHz) operating bands, similarly as in [14] , by iteratively calling a home-made analysis routine based on the method of moments in the spectral domain and the local periodicity approach [17] . The horizontal and vertical dipoles in both layers are separately adjusted to match the required phases for each polarization. As a result of the optimization, the difference between the achieved and the required phases at 18 and 20 GHz is lower than 20°in most of the reflectarray cells for both polarizations.
The simulated contour patterns in (u, v) coordinates at −4 dB with respect to the maximum gain for the four beams generated in X-and Y-Pols. at the central and extreme frequencies of each band are presented in Fig. 5 . The beams in the same "v = constant" plane are generated in different frequencies, while in the other direction, forming 60°with the previous one, the beams are generated in a different polarization. The gain levels of the simulated contours are between 32.1 and 33.2 dBi for the four beams.
IV. MANUFACTURE AND MEASUREMENTS OF THE REFLECTARRAY DEMONSTRATOR
The 43 cm reflectarray demonstrator has been manufactured and tested. The two layers of dipole arrays are produced by the conventional chemical photoetching on both faces of the 0.787 mm CuClad 233 LX substrate cladded with 17 μm copper. Then, the two dielectric sheets, the 0.787 mm CuClad 233 LX and a 1.524 mm DiClad 880B with copper ground plane on the opposite side, have been bonded by . The antenna has been tested in a spherical near-field range at the anechoic chamber of the Universidad Politécnica de Madrid, Madrid, Spain (Fig. 6) .
The measured radiation patterns in "v = constant" planes at the central and extreme frequencies of each band are shown in Fig. 7 for the beams in X-Pol. The comparison between the measured and simulated radiation patterns at 18 GHz is presented in Fig. 8 , which includes an initial simulation considering the values of ε rB and tanδ B used for the design and a corrected simulation. The measured main beams are in good agreement with the initial simulations, and the levels of cross-polarization are about 26 dB below the co-polar maximum, close to simulated predictions (28 dB). There is a reduction in gain of around 2-3 dB with respect to the initial simulation (36 dBi at 18 GHz and 37 dBi at 20 GHz, for both polarizations). Also, it can be observed that the side lobes corresponding to the specular direction of the feed (θ = −24°) present a higher level in measurements than in simulations. The increase in the side lobes and the reduction in gain are mostly attributed to phase errors produced by the manufacturing tolerances and discrepancies in the electrical properties of the materials. In contrast with the lower substrate (DiClad 880B used in layer A), the material used in the upper layer was not previously characterized, and the nominal values (ε rB = 2.33 and tanδ B = 0.0013) provided by the manufacturer at 10 GHz were used in the design and simulations. To check the phase shift and dissipative losses of the reflectarray cell, two samples have been manufactured and measured in a waveguide simulator (WGS), which is a well-known technique used to measure the performance of array elements in a periodic environment [18] . Two periodic cells have been inserted in a short section of WR-51. The values of tanδ B and ε rB in the upper dielectric layer have been adjusted to ε rB = 2.26 and tanδ B = 0.0054, in order to have good agreement between measured and simulated values of phase shift and losses in the WGS. The radiation patterns have been computed considering the corrected values of ε rB and tanδ B , achieving a better agreement between the measurements and simulations (Fig. 8) . The remaining discrepancies can be attributed to the specular reflection of the radiation pattern of the feed-horn (partially accounted in the simulations), a simplistic cos q (θ) model of the feed-horn and uncertainty errors in the antenna gain (±0.5 dB).
The measured contour patterns at −4 dB with respect to the maximum gain for the four colors at central and extreme frequencies of each band (17.7-18.3 and 19.7-20.3 GHz) are shown in Fig. 9 .
These levels represent the minimum gain in the coverage. Despite that the contours of the measured beams are slightly distorted, the results show for the first time that the reflectarray demonstrator is able to produce four adjacent beams in two frequencies and two polarizations using a single feed. The simulated −4 dB contours (for the corrected values of ε rB and tanδ B ) are also included in Fig. 9 (black lines) , showing a good agreement with the measurements. The levels of the measured contours are between 29 (X-Pol. at 18 GHz) and 31.7 dBi (X-Pol. at 20 GHz).
V. CONCLUSION
A technique has been proposed to design a reflectarray antenna capable of producing four closely spaced beams, in different frequencies and polarizations, for each feed. The feed position has been computed to produce two adjacent beams in different frequencies by exploiting the beam squint effect, ensuring a minimum phase variation between the phase distributions at the two frequencies. The other two beams are generated in the orthogonal polarization by implementing in the reflectarray a different phase shift for each polarization.
A 43 cm reflectarray has been designed, manufactured, and tested to demonstrate for the first time that a reflectarray can generate four adjacent beams in different polarizations and frequencies (four colors) with a single feed. The results have satisfactorily validated the proposed concept and the design technique, whose application to multibeam satellite antennas will be further investigated in the future, as it allows a reduction in the number of feeds and antennas required when using conventional reflectors. The four reflectors operating in Tx and Rx could be reduced to two reflectarrays, one for the Tx and the other for the Rx, producing a significant mass saving on the spacecraft.
